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Abstract. Understanding the effect of aging on brain efficiency and executive 
functions is important for high risk activities such as general aviation. In this 
study, ten private pilots in the age group 19-25 and ten in the 52-72 range com-
pleted the  spatial working memory (SWM) and spatial planning and reasoning 
(One Touch Stockings, OTS) from the Cambridge Neuropsychological Test Au-
tomated Battery. The change in deoxygenated and oxygenated hemogoblin 
(HbO2) was measured. Younger pilots were found to be more efficient in the 
SWM task than the older group, with a smaller change in HbO2 and greater per-
formance gain. However, aging has no significant effect on the OTS task effi-
ciency, with both groups performing equally well. Analysis also suggests that 
there may be an effect on change in HbO2 due to flight hours.   
 
Keywords: Neuroergonomics · Working Memory · Prefrontal Cortex · Near-
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1 Introduction 
The characterization of the effect of aging on brain efficiency and performance 
has been a constant subject of interest. Understanding this characterization is particu-
larly important in potentially high risk environments such as general aviation [1-4]. 
Piloting relies on many of the executive functions, activities such as engaging work-
ing memory, route planning, and spatial reasoning are all known to be impacted by 
age [5,6]. While research has suggested that there is a link between age and the likeli-
hood of piloting error [7,8], some studies tend to indicate that cognitive aging is more 
predictive of piloting performance than chronological age per se [3,4].Thus, measur-
ing cognitive performance in pilots at the time of their recurrent medical screening 
may be an excellent method to further increase flight safety. The prefrontal cortex is 
one of the brain structures that is more impacted by aging [9-11]. Because they are 
largely implemented in this brain region, executive functions are very sensitive to 
aging effect. Tools such as the Cambridge Neuropsychological Test Automated Bat-
tery (CANTAB) software have been developed to measure task performance when 
engaging executive functions. Previous research has shown activation in certain parts 
of the brain in conjunction with specific tasks. For example, the dorsolateral prefron-
tal cortex (PFC) is generally engaged during working memory [12,13] and spatial 
planning and reasoning tasks [14,15]. Development of instruments such as functional 
Near Infrared Spectroscophy (fNIRS) has also provided a mean to measure the brain 
activation in terms of changes in oxy- and deoxygenated hemogoblin. This non-
invasive measurement has been gaining in popularity. However, little research has 
been completed on the characterization of the brain activation in the prefrontal cortex 
during the CANTAB tasks, and less so for pilots themselves.,  
This paper presents a study that was designed to evaluate the effect of aging on the 
task performance and brain activation of private pilots during engagement of two 
executive functions in laboratory tasks. We begin by presenting the laboratory tasks 
and the experiment design and the statistical analyses conducted on the collected data. 
The second half of the paper discusses the impact of aging and recent flight experi-
ence on the performance and brain activation and concludes with a discussion of the 
significance of the results.  
2 Experiment Design 
The main control variables were the age group (young, older adults), difficulty level 
(4 or 6 depending on the test), and the optode location (16; Fig. 2). Changes in oxy-
genated (HbO2) and deoxygenated hemogoblin (HHb) and task performance were 
measured. Participants were seated in front of a tactile interface that displayed the 
CANTAB software suite and trained on the rules of the Spatial Working Memory 
(SWM) task prior to fNIRS installation and calibration. A ten second baseline reading 
was measured prior to starting the actual test itself. There were eight trials of the 
SWM task, with one trial each of n = 6, 8 boxes, and three trials each of n = 10, 12 
boxes. Once the last run was completed, the software finished recorded task measures 
and the fNIRS data recording was stopped. This process was repeated for OTS, with 
the fNIRS headband retained between tasks. The OTS task had 24 trials with four 
trials each of m = 1, 2, 3, 4, 5, 6 maneuvers, in assorted order. It took approximately 
45-60 minutes to complete the calibration and the two tasks. Participants performed 
the tasks in the exact order. The trial order for the two tasks could not be randomly 
varied between participants.  
2.1 Tasks 
The CANTAB software manual discusses the tasks in greater detail [16], but for 
brevity, the SWM task is an object retrieval game where the objective is to find n 
number of tokens without returning to a previously identified search space. As seen in 
Fig. 1, n number of boxes are randomly distributed on the screen, with one token hid-
den at a time. Users are taught that once a token has been found inside a box, that box 
will never hold another token for the rest of the trial. Task performance can be meas-
ured by the mean number of errors (number of times the user checks a box that has 
already held a token) and the strategy (number of times the user begins the search for 
the next token with a different box). A perfect performance would be 0 errors and a 
strategy of 0 (i.e. the user correctly chose the box that held each token every time).  
 
 
The OTS task is a modified version of the classic Tower of Hanoi problem that solic-
its spatial reasoning and planning over the course of m maneuvers. Users must deter-
mine the minimum number of maneuvers necessary to replicate the top arrangement 
of balls with the bottom arrangement (Fig. 1). Users cannot advance to the next trial 
without having solved the current trial. The software provides instant feedback as to 
whether the user's response is correct or not. Task performance can be measured by 
the number of problems solved on the first attempt, the mean number of attempts until 
the correct answer is achieved, the mean latency to the first attempt, and the mean 
latency until the correct answer. A perfect (and unachievable within human perfor-
mance bounds) performance would be 24/24 problems solved on the first attempt, an 
average of one attempt, and mean latencies of 0 s.  
2.2 FNIRS equipment 
The Biopac® fNIR100 system was used to measure the hemodynamics of the prefron-
tal cortex. This headband is equipped with 16 optodes (2.5 cm source-detector separa-
tion, Fig. 2) and records data at a frequency of 2 Hz. The data acquisition and analysis 
software from Biopac® was also employed: COBI Studio software (version 
1.2.0.111) and fnirSoft (version 1.3.2.3). Changes in HbO2 and HHb (both in µmol/L) 
were measured using the modified Beer-Lambert Law with two peak wavelengths 
(730 nm and 850 m). Concentration measurements were band-pass filtered (pass 
band: 0.02Hz to 0.40Hz) with a finite impulse response, linear phase filter with an 
order of 20 to further remove any slowly drifting signal components and other noise 
with other frequencies than the target signal [17]. Saturated channels (if any) were 
excluded. Several sources [18,19] have stated that changes in HbO2 are more reliable 
and sensitive to changes in cerebral blood flow, thus the statistical analysis was con-
ducted on only HbO2. Changes in HHb are shown but not statistically analyzed. All 
(a) Spatial Working Memory (b) One Touch Stockings 
Fig. 1. CANTAB tasks. Fig 1a shows the SWM task at n = 8 boxes. The user has just 
found the fifth of eight tokens. Fig 1b shows the OTS task at m = 1 maneuver. The 
user has answered 1 for this trial. The option of 7 maneuvers is always available even 
though a 7-maneuver trial does not exist as to avoid users unfairly advancing to the 
next problem by selecting the highest number of maneuvers. Modified images from 
[16].  
measures are changes in HbO2 concentration from a ten-second rest period baseline 
(measured prior to the start of each task) and are averaged over each difficulty level.  
 
 
Fig. 2. FNIRS headband optode and source location. 
2.3 Participants  
Twenty healthy adults were recruited for this experiment, all amateur pilots, with 
ten participants between the ages of 19-22 years (2 women, µ= 20.4, σ = 1.17) and ten 
between 53-72 years (0 women, µ = 61.4, σ = 5.83). Participants were recruited 
through flying clubs local to the Toulouse, France region. The average flight experi-
ence of the group was 2185.3 hrs (σ = 5456.15) and the average flight hours recently 
obtained in the two years prior to the experiment was 61.9 hrs (σ = 112.4).  
3 Results 
The HbO2 data were analyzed using a three way mixed ANCOVA with group, dif-
ficulty, and optode location as main effects and recent flight hours as the covariate. A 
significant positive correlation exists between age and total flight experience (r = 
0.449, p < 0.05) but no significant correlations exist between age and flight hours 
obtained in the prior two years. The CANTAB data were analyzed as either a two way 
mixed ANCOVA (group, difficulty, flight hours) or as a one way ANCOVA (group,  
 
 
Fig. 3. Overall change in HbO2 in the PFC for both tasks and both groups. 
flight hours). Significance for all tests was set at 0.05. All figures show vertical bars 
denoting the 95% confidence interval. Fig. 3 shows the distribution of average change 
in HbO2 between the two age groups and the two tasks. 
3.1 SWM Brain Activation and Task Performance 
Analysis of the changes in HbO2 during the SWM task showed that two main effects 
were significant: group (F(1,17) = 55.91, p < 0.000, ηp
2
 = 0.767, µyoung = 0.172, µold = 
1.901) and difficulty (F(3,51) = 27.70, p > 0.000, ηp
2
 = 0.620, µ1 = 0.379, µ2 = 0.491, 
µ3 = 1.352, µ4 = 1.925). Optode location was not significant (F(15,255) = 0.50, p < 
0.939, ηp
2
 = 0.029). Only the interaction between group × difficulty was significant 
(F(3,51) = 3.96, p < 0.013, ηp
2
 = 0.189; Figures Fig. 4-Fig. 5). The covariate flight 
hours was not (F(1,17) = 0.04, p < 0.844, ηp
2
 = 0.002). As seen in Fig. 6, HbO2 in-
creases as difficulty increases. The older adults also experience greater change in 
HbO2 compared to young adults, with the greatest difference occurring at 8 boxes. At 
this difficulty level, young adults actually experience a decreased activation of HbO2 
from the previous level. However, Tukey's HSD shows that within groups, the differ-
ence in HbO2 between each increase in difficulty level is not significantly different 
from the preceding level. The difference on HbO2 between groups within each diffi-
culty level is significantly different (p < 0.013).   
A MANOVA of the SWM task performance measures (mean between errors, strat-
egy) showed that all main effects and their interaction were significant: group (Wilks' 
Λ = 0.232, F(2, 16) = 26.461, p < 0.000, ηp
2 
= 0.768), difficulty (Wilks' Λ = 0.150, 
F(6, 12) = 11.347, p < 0.002, ηp
2 
= 0.850), group × difficulty (Wilks' Λ = 0.279, F(6, 
12) = 5.180, p < 0.008, ηp
2 
= 0.721). The covariate flight hours was not significant 
(Wilks' Λ = 0.922, F(2, 16) = 0.6774, p < 0.522, ηp
2 
= 0.078). Follow-up univariate 
ANOVAs showed that these results stood for mean between errors, but for strategy, 
the interaction group × difficulty was not significant. Older adults saw a decrease in  
 
 
Fig. 4. Changes in brain activation with respect to the optode location and the age 
group for the SWM task. 
performance compared to younger adults as difficulty increased, with honestly signif-
icant differences occurring in mean between errors between the two groups in n = 10, 
12 difficulty levels (p < 0.0001, Fig. 6). The first three difficulty levels (n = 6, 8, 10) 
were not significant different for the younger adults. The changes in strategy compar-
ing between difficulty levels were also all significant and linear.   
 
 
Fig. 5. Changes in brain activation with respect to difficulty and group in the SWM 
task. 
 
 
 
 
Fig. 6. Changes in task performance with respect to difficulty and group in the SWM 
task. 
3.2 OTS Brain Activation and Task Performance 
Analysis of the change in HbO2 during the OTS task showed that only difficulty was 
significant (F(5,85) = 13.139, padj < 0.000, εGG = 0.398, ηp
2
 = 0.436). The other main 
effects and covariate were not significant: group (F(1,17) = 0.093, p < 0.877, ηp
2
 = 
0.001), optode (F(15,255) = 1.355, p < 0.170, ηp
2
 = 0.074), flight hours (F(1,17) = 
0.093, p < 0.765, ηp
2
 = 0.005). The only significant interaction was optode × group 
(F(15,255) = 2.638, padj < 0.001, εGG = 0.265, ηp
2
 = 0.134; Figures Fig. 7-Fig. 8). Tuk-
ey's HSD showed that the change in HbO2 at the first five levels was not significantly 
different from the preceding level. At the highest difficulty level (m = 6), the change 
in HbO2 is significantly different from the other levels. As seen in Fig. 7, older and 
younger adults experienced activation in different locations of the PFC, with more 
activation in optodes 15 and 16 for the older adults and optodes 8 and 10 in the 
younger adults.  
A MANOVA of three of the OTS task performance measures (mean number of at-
tempts, mean latency to first attempt, mean latency to correct response) showed that 
only the group main effects was significant (Wilks' Λ = 0.486, F(3, 15) = 5.279, p < 
0.011, ηp
2 
= 0.514). Difficulty was not significant (Wilks' Λ = 0.221, F(3, 15) = 0.221, 
p < 0.981, ηp
2 
= 0.525) nor was the covariate flight hours (Wilks' Λ = 0.808, F(3, 15) 
= 1.186, p < 0.348, ηp
2 
= 0.192). Follow-up univariate ANOVAs showed that group 
was significant for the latency measures (F(1, 17) = 15.725 and 12.735, for first at-
tempt and correct responses respectively; both p < 0.002 and with ηp
2 
~ 0.4), but not 
for the mean number of attempts. Difficulty was significant for all three of these 
measures. Flight hours was significant for the latency to first attempt (F(1, 17) = 
4.832, p < 0.042, ηp
2 
= 0.221). In general, as difficulty increased all participants need-
ed more attempts before arriving at the correct answer, with the first three difficulty 
levels not being significantly different from each other. The mean number of attempts 
made by younger adults was comparable to older adults. Additionally, younger adults 
performed the task much faster than older adults. Pilots with more recent flight hours 
also appear to make the first attempt faster, but the effect is minor. Difficulty levels m 
= 5, 6 showed the greatest divergence in latency to both the first choice and the cor-
rect choice (Fig. 9). However, the overall performance between the two groups was 
equivalent.  An ANCOVA on the number of problems solved did not show group to 
be significant (F(1, 17) = 1.137, p < 0.301, ηp
2 
= 0.062) nor flight hours (F(1, 17) = 
0.044, p < 0.837, ηp
2 
= 0.003).  
 
 
Fig. 7. Changes in brain activation with respect to optode location and group in the 
OTS task. 
  
Fig. 8. Changes in brain activation with respect to difficulty and group in the OTS 
task. 
 
 
 
Fig. 9. Changes in task performance with respect to difficulty and group in the OTS 
task. 
3.3 Brain efficiency and consideration of actual age  
Brain efficiency could be considered as a ratio between performance and resource 
utilization. In this case, resource utilization is analogous for the change in HbO2. The 
total SWM strategy and OTS mean number of attempts to correct answer scores were 
converted to Z-scores divided by the respective average change in HbO2. Group was 
a significant effect on the efficiency measure for SWM (F(1,17) = 9.312, p < 0.007,  
ηp
2  
< 0.354) but not significant for OTS (F(1,17) = 1.360, p < 0.260,  ηp
2  
< 0.074). 
Younger adults were more efficient than older adults in completing the SWM task but 
there was no significant difference in efficiency between the two groups for the OTS 
task.  
A multivariate linear regression was also conducted, but replacing group with age 
as a continuous predictor and dummy coding difficulty and optode (Eq. 1 for the re-
gression model). In this analysis, the main effect of recent flight hours and the interac-
tion with age were significant for the changes in HbO2 in the SWM and OTS tasks. 
Table 1 summarizes these findings. It should be noted that the reported F- and adjust-
ed R
2
 values are for the model described in Eq 1, but for simplicity, the coefficients 
for only age and age × flight predictors are listed). For both tasks, the factor flight 
hours is suggested to have a minor positive contribution to HbO2 (each hour of recent 
flight experience contributes less than 0.01 µmol/L of HbO2 in brain). Nevertheless, 
caution must be taken with these results, as the R-squared values for both regression 
models is quite moderate.  
 
HbO2 = f (age, recent flight hours, difficulty, optode, age × difficulty,  Eq (1) 
age × optode, age × flight, difficulty × optode, age × difficulty × optode) 
 
Table 1. Regression coefficients for changes in HbO2 (SWM and OTS). 
Predictor Coefficient Std. Error t-value p-value 
SWM: F(129,1150) = 8.538, adj. R
2
 = 0.4319 
age 0.0477 0.0132 3.6210 0.0003 
flight 0.0070 0.0024 2.8810 0.0040 
age × flight -0.0001 0.0000 -3.0760 0.0021 
OTS: F(193,1726) = 2.462, adj. R
2
 = 0.1282 
age 0.0122 0.0119 1.0280 0.3043 
flight 0.0134 0.0018 7.4290 0.0000 
age × flight -0.0002 0.0000 -7.5640 0.0000 
4 Discussion 
This study characterized the effect of aging on the task efficiency of two executive 
functions, spatial working memory and spatial planning and reasoning, in two labora-
tory tasks. The change in HbO2 was measured as a neurological marker for brain 
activation while amateur pilots evaluated the SWM and OTS tasks from the 
CANTAB software suite. Three main results were found in this study. Globally, 
younger adults (less than 25 years of age) were more effective at spatial working 
memory than older adults. However, age does not play a significant impact on per-
formance or brain activation with respect to spatial planning and reasoning. Lastly, 
recent flight experience (within two years of the task) does not have a significant im-
pact on either performance in laboratory tasks or on brain activation. 
Young adults were able to complete the SWM task better and with less brain acti-
vation than older adults. They were able to remember the position of previously found 
tokens and even at the highest difficulty level (n = 12), the number of errors made was 
comparable to the older adult performance at the second highest difficulty level (n = 
8). The last two difficulty levels were the most challenging for the older adults, with 
nearly three times as many errors made compared to the first two levels. Interestingly, 
young adults saw a decrease in HbO2 in the first two difficulty levels. It is possible 
that the young adults were experiencing greater anticipation at the beginning of the 
task, particularly since the baseline was measured at the beginning of the SWM and 
not at the beginning of each trial. There was no significant change of HbO2 occurring 
at a particular optode across both groups. However, older adults did experience great-
er brain activation in the right and left dorsolateral PFC.  
 The aging effects are less evident in OTS task with the performance and brain ac-
tivation of young adults statistically comparable to older adults. While younger adults 
had less changes in HbO2 and needed less attempts to reach the correct answer, these 
differences were not statistically significant. Both groups of adults saw an increase in 
HbO2 as difficulty increased. However, the location of this increase in HbO2 differed 
between groups. Younger adults saw greater activation in the medial PFC, whereas 
older adults experienced activation primarily in the right dorsolateral PFC. Addition-
ally, young adults completed the OTS task significantly faster than older adults, with 
older adults taking nearly twice as much time to complete the task at the highest diffi-
culty level as compared to young adults. However, rapidity in response did not trans-
late to correct answers, as young adults answered less questions on the first try com-
pared to adults.  
In general, flight hours recently obtained played no effect on brain activation or 
performance for either the SWM or OTS task. However, when considered in tandem 
with age rather than group, this variable has a minor, but statistically significant effect 
on the change in HbO2. It is difficult to draw conclusions from this analysis given the 
small variety of ages and flight hours of the participants. Future studies should con-
sider recruiting a greater range of both to further characterize this potential relation-
ship.  
Lastly, the neuroimaging results found with the fNIRS technique corresponds to 
studies conducted with similar paradigms but using other techniques. The dorsolateral 
PFC activation measured in OTS was also observed with functional magnetic [15], 
positron emission tomography [20], and transcranial magnetic stimulation [14].  Simi-
lar working memory task also showed increased dorsolateral PFC activation with 
fNIRS [12].  
5 Conclusion 
Understanding the brain activation and performance is critical for ensuring the safety 
of amateur pilots in a task that can have potentially dangerous consequences for er-
rors. While this study has primarily focused on the changes on oxyhemogoblin con-
centration in the prefrontal cortex due to aging, such studies are useful for developing 
robust cockpit avionics or reducing task complexity. The results of this study have 
shown that greater brain activation and decreased performance in spatial working 
memory occurs in older pilots (57 years and up) but no significant changes occur in 
spatial planning and reasoning. However, aging does shift the localization of the brain 
activation from the medial to the right dorsolateral prefrontal cortex during spatial 
planning and reasoning. Recent flight experience may have a minor, but significant 
effect on brain activation when considered in conjunction with pilots' actual ages, but 
more data is needed to confirm this result.  
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